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tudinal mode behaviors of mode-stabilized Changes in the spectral characteristics of a single-mode laser occur when a portion of the laser output is fed back into the laser cavity after reflection from an external mirror, grating, or a fiber end. Feedback-induced effects previously observed are linewidth broadening [4], [5] , line narrowing [6], [7] , and reduction of low frequency wavelength fluctuations [8] . As shown in Fig, 1 , the external reflector extends the normal laser cavity, The resulting cavity is composed of three mirrors; these include the two end facets of the semiconductor laser separated by a distance 1, and the external reflecting surface that is a distance L from the laser diode. The reflectivity of the end facets on the laser are R. and 1?1, respectively, and the external reflector has a reflectivity r.
Here we report the theoretical and experimental results on the effect of feedback on laser diode emission characteristics. 
II. THEORY
A simple analysis of the three-mirror cavity of Fig. 1 is useful in explaining many of our observations on feedback, including the presence of strong external cavity mode spectra, longitudinal mode instability, line narrowing, and phase noise reduction.
It is assumed that r<< R 1, so the external cavity can be regarded as a wavelength-dependent perturbation in the round-trip phase shift 0 for the primary cavity, and the effective reflectivity of the adjacent facet. The amplitude A of the wave reflected from the facet of reflectivity R 1 is
where 81 = 4rrL[A, A is the free-space wavelength, and the incident wave has an amplitude equal to unity. It follows from this expression and the assumption of small r that the primary cavity phase shift can be writteñ =02+(l-R1)tisino, 
in our treatment of
In the absence of feedback, the modes of the Fabry-Perot laser cavity must satisfy the relation 6 = 27rI, I integer.
We consider a single-mode laser characterized by the integer 10 with a lasing wavelength Ao = 2nl/10. For smill deviations in k from 10, 0 is a linearly decreasing function of h given by e = 210rr -4rrnl(l -AO) : "
When feedback is present, the mode of the three mirror cavity must still satisfy (4) but 6 is no longer a linear function of h. This is illustrated by plots of O as a function of X for increasing levels of feedback in Fig. 2 for which a minimum in O(A) is lower than the next two subsequent maxima, as in Fig. 2(c) , the laser will be multimode regardless of the phase of the feedback. These three regimes of operation are summarized in Table I .
Expressions for the values ra and rb will now be derived.
First, for multiple cavity modes to exist the condition dO/dA = O must be satisfied for some value of L Differentiating (3) yields the condition ()
The smallest value of r for which this condition is satisfied is ra. This value, which occurs for cos (4rrL/k) = -1, is given by
The conditions which determine~b are that 19(A+) = 13(k.) and (CZO/dA)A+ = (cZO/dl)A. = O for some~+ and~-) with 1+> X.. Without loss of generality, we assume that 19(AO) = 2rrI, as in Fig. 2 
(c).
The first condition will then be satisfied if O(A+) = 0(10). From (2), the first condition is satisfied for
After differentiating (3) with respect to X, the second condition requires that (9) which is approximately correct if 60+) is the first maxirmltn in Number of modes in a longitudinal mode group r<ra 1 ra<r<rb 1 or 3, depending on phase of feedback r>rb 3 or more 6(1) for A greater than 10. As a trial solution, we assume that sin (4rrL/X+) = -1. This implies that 47rL(l/A+ -l/l.) = -3n/2.
Substituting these results into (8) yields
The more accurate result, which solution of (8) and (9), is ()
requires the simultaneous (11) In treating laser line narrowing due to feedback, we consider first a resonator pumped internally from an energy source (in this case, spontaneous emission) of spectral power density PAO. The spectral power density Pk in the resonator is given by
where RO and R~are the mirror reflectivities, G is the singlepass cavity gain, and 6 is the round-trip phase shift in the cavity given by (3) [9] . Greatest line narrowing is obtained when Id6'/dA I is a maximum. Differentiating 
The narrowest line is obtained by adjusting the length of the external cavity to give 01 = 27rJ, J integer, so that cos 6~= 1.
Since the resonance condition requires that O = 27rI, 1 integer, then O~must also satisfy such a condition, i.e., 02 = 21-rK, K integer. It is also evident from (3) that under these conditions, the effective facet reflectivity, is a maximum so the laser is at a stable operating point. It follows from (13) that dependence of 0 on AX for small AA is given by O =blon -to(l +-y)Ak (16) with Ah= A-ho where A. corresponds to the center of the Iasing spectrum without feedback, and with feedback when the external cavity length is adjusted for the narrowest line.
The dependence of effective facet reflectivity R; will vary The dashed wave corresponding to the phase shift for r = () is included for comparison.
periodically with wavelength as illustrated in Fig. 3 . This variation, which should also be taken into account in computing the linewidth, is calculated from (1), with R; = 1A 12, to be
For the conditions on O~and 02 indicated above, this can be
In terms of AA, this can be written
with and it is assumed that R lo = RI.
These results can now be used to determine the dependence of of linewidth on feedback. If we define ti=l-~~G it follows from (17) that where tio=l-&ORIOG.
Recalling the assumption that 10-217rI <<1, then
Substituting those results into (12) gives the result
Keeping terms to second order in 60 and AA yields P~1 P~o -= 6: +(1 +y)2tO(Ak)2 "
This gives the familiar Lorentzian shape for the lasing line. However, in order for the total power in the lasing mode to remain constant as the feedback level is increased, the gain in the cavity must increase to compensate for the line narrowing. We take this into account by writing 80=C6;
where 8 j is the value of 80 in the absence of feedback, and the value of c is feedback-dependent. We then write the total power P as an integral of the power density over wavelength given by
which yields rrPA p.
?ibcto(l''+~)"
The requirement for constant total power in the mode implies
It follows from this expression that half maximum power points (A~)l/z the full spectral width to is given by
In terms of the linewidth for no feedback AXO (19) with T given by (15).
Frequency or Phase Noise Reduction
Frequency stability of tlie laser is also improved by feedback. We assume that the frequency fluctuations AU arise from a change in the refractive index-length product A(nl).
But the lasing mode must satisfy the condition that tl equals an integral multiple of 2rr rads. Thus, in (20) A% = O. Using this result and the relation for Tin (15), we find that
Letting Au. equal the frequency change in the absence of feedback, and noting that AU= -(c/Az) Ah, we find that
with A(nl) c Avo =--ionl "
III. EXPERIMENTAL
In the experiments described here, the linewidth and other spectral characteristics of several Hitachi HLP 1400 channeled substrate planar (CSP) lasers and a HLP 3400 buried heterostructure (BH) laser are measured as a function of optical feedback into the laser cavity. Fig. 4 gives a schematic representation of the laser with feedback and the mpasuring apparatus. Controlled optical feedback is provided by an external cavity consisting of the laser (LD), a collimating microscope lens, a beam splitter (BS 1), a variable neutral density filter (ND1), a focusing microscope lens, and a mirror (~mounted on a piezoelectric transducer stage. The separation L between the feedback mirror and the laser diode is 60 cm. The intensity of light fed back into the laser is changed with the variable neutral density filter, while its phase is controlled by the voltage applied to the piezoelectric transducer.
The equivalent reflectivity of the external feedback cavity is taken as =Tzrt where T is the one-way transmission of the external cavity and r' is the reflectivity of the mirror M. The value of T was measured as the ratio between power incident on M and the total power output from a single laser facet.
Two techniques are used to measure the spectral characteristics of the laser diode operating with or without feedback.
Over large frequency ranges a scanning Fabry-Perot interferometer (FPI) examines the optical radiation exiting one facet of the laser diode. The FPI is isolated from the laser by a quarter-wave plate (QW)-polarizer (P) combination and a neutral density filter (ND2). Two different mirror separations on the FPI are employed to give free spectral ranges of either as one half the spectral width of the beat signal observed on the spectrum analyzer display.
IV. RESULTS
Feedback-induced changes in the laser emission spectra are pictorially outlined in Fig. 5 . In the free-running state (i.e., no feedback), the lasers tested emitted in one of the laser cavity longitudinal modes (LM), as shown in Fig. 5 
(a). The frequency separation of the LM's, given by e/2n 1, is approximately 130
GHz for the four lasers used in the measurements. The freerunning laser emission linewidth is 17 * 3 MHz at 1/~th = 1.1-1.3 for the lasers tested.
In the presence of optical feedback, several peaks corresponding to the longitudinal modes of' the external cavity, appear in the laser emission spectrum shown in Fig. 5(b) . These external cavity modes (XCM'S) have a frequency separation given by c/2L, or 250 MHz for an external cavity length of L = 60 cm. At low feedback levels, the emission spectrum consists of a single dominant XCM surrounded by a few modes of much smaller intensity [ Fig. 5(b) ].
The spectral Iinewidth of the dominant XCM decreases with increasing feedback so that it becomes much narrower than the free-running laser emission.
At high feedback levels, the emission spectrum is composed of several XCM groups as shown in Fig. 5(c) , and is no longer truly single-mode. The center wavelength of each of the groups corresponds to a longitudinal mode of the freerunning laser. Each XCM group consists of many external cavity modes of comparable power.
Experimental data illustrating the effects depicted in Fig. 5 are given in the next three figures for three spectral resolution levels. Fig. 6 shows the low resolution spectra measured with the FPI at 1200 GHz free spectral range for four feedback levels: r = O in Fig. 6(a) ; r = 1.9X 10-4 in Fig. 6(b) ; r = 4.2 X 10-4 in Fig. 6 (c); and r = 2.9X 10-3' in Fig. 6(d) .
Medium resolution spectra with a FPI free spectral range of 1.7 GHz are given in Fig. 7 at the same feedback levels. Fig. 8 shows high-spectral-resolution measurements made with the fiber interferometer."
In that case the peaks correspond to 
External Cavity Modes
The spectral purity of the emission of lasers operating in the low feedback regime depends, in part, on the relative strength of the XCMS adjacent to the dominant mode. We define M as the ratio of the optical power emitted in the dominant XCM to that in one, of the adjacent modes. Fig. 9 shows the measured dependence of M on the feedback r, for two CSP lasers. The measurement is made using an FPI. Before each measure- adjacent one (similar mode hopping also occurs when the laser temperature shifts due to changes in the ambient conditions or the laser current). Note that for laser CSP 7287,114 gradually decreases with increasing feedback from 80 at 6.5 X 10-7 to 35 at 2.5 X 10-3. This change is mainly due to a gradual increase in the height of the side modes, with the dominant mode height remaining relatively constant. An abrupt transition from primarily a single XCM emission to a multimode one (II4 < 10) occurs when the feedback exceeds a critical level rb % 3 X 10-4 (rb defined in Section II). In the multi-XCM region of operation the emission also occurs in several XCM groups 130 GHz apart. Emission spectra of a laser operating in this feedback region are shown in Figs. 5, 6, and 7(c) and (d) . For feedback levels approaching but less than rb, laser emission is single or multimode depending on the feedback phase O. As r gets closer to rb, the range of 6 for which single-mode operation is possible becomes smaller until it is zero at r = rb. Frequency instability of the laser, in the form of random hopping between XCM'S within a single XCM group and between several XCM groups, is observed for feedback levels in the single to multimode transition region, 3 X 10-4< r <5 X 10-4. Two other lasers, another CSP and a buried heterostructure, exhibit similar behavior.
On the other hand, the magnitude of M for laser CSP 6189 shown in Fig. 9 exhibits a more gradual change with feedback than did the other lasers tested. For feedback levels, r< 2.0X 10-5, the change in M is primarily due to an increase in the height of the side modes, with the height of the dominant mode remaining constant. For r > 2.0X 10-5 the height of the two XCM'S adjacent to the dominant mode remains relatively constant while the height of the dominant mode decreases with increasing feedback. This decrease is accompanied by an increase of optical power in the cavity modes which are given by (19) of the Iinewidth dependency on optical feedback from an external source. Measured data are normalized to the free-running laser linewidth. In all cases, the feedback phase O is adjusted to obtain a minimum width of the beat signal displayed on the spectrum analyzer. However, it should be noted that for low values of feedback, corresponding to Fig. 2(a) , it is also possible by appropriate choice of 0 to induce emission linewidth which is broader than that of a free running laser.
Spectrum analyzer displays of the beat sigmd generated by a free-running and line-narrowed laser are shown in Fig. 7 
Line Broadening
Feedback-induced broadening of the total laser diode emission is observed to result from two phenomena, broadening of the individual XCMS and broadening of XCM groups. In two of the CSP lasers and the BH laser, for r > rb, the emission spectra abruptly change from a dominant single-mode that is 100 kHz wide to many XCM'S that are each 5-10 MHz in width.
The linewidth continues to broaden once beyond this transition. Such behavior is shown in Fig. 10 by the vertical dashed line for one of the CSP lasers; another CSP laser indicated in Fig. 10 showed a similar but more gradual increase. For all lasers with sufficient feedback, the spectral width of each externrd cavity mode becomes comparable to the mode spacing of 250 MHz. The spectra of the individual external cavity modes within a single XCM group then coalesce together as shown in Fig. 7(d) where the onset of this condition and acoustic disturbances in the vicinity of the experimental setup. The noise spectra of the transmitted FPI signal is shown for two laser diodes in Fig. 12(b) for a 1 Hz bandwidth.
The data are normalized relative to a 1 V dc photodetector output. Both lasers exhibit a 15 dB reduction in the low frequency wavelength instability of phase noise when a feedback of 1 X 10-5 is introduced. In the BH laser case, the noise reduction might be somewhat larger, as the noise measurement at the signal levels employed became limited by the noise floor of the spectrum analyzer. The predicted reduction is 20 log (Av)/ (Av)o, with Av given by (21). For RI = 0.35, nl= 1.1 mm, and L = 60 cm, the predicted reduction is 9.2 dB. Values for these critical reflectivities are calculated to be ra = 2.8 X 10-6 and rb = 6.5 X 10-5, in our experiments, using (7) and (11) with nl = 1.1 mm, L = 60 cm, and Rl = 0.35.
Actually, evidence for low-intensity external cavity modes is obtained in the heterodyne experiment for external reflectivity values much lower than ra, as illustrated in Fig. 8 . We believe that these weak XCM'S are associated maxima in the reflectance versus wavelength curves. Even though O does not equal an integral multiple of 2rr rads for these weak modes, the peaks in reflectivity can give rise to increases in the spectral density which appear as beat signals in the spectrum analyzer display and additional peaks in the FPI scans.
At much higher feedback levels, strong XCM'S and multiple LM's are observed regardless of the phase of the feedback.
This behavior is first seen at feedback levels varying from 5 X 10-5 to 5 x 10+ in the lasers we studied. The lower of these values is slightly" less than the calculated value of rb. The appearance of multiple LM's in the Fabry-Perot spectra results initially from longitudinal mode hopping, which is probably induced by fluctuations in carrier density and refractive index due to the beating of the XCM'S in the laser cavity. At higher feedback levels, the multiple LM spectra are temporally stable.
These data appear to support the presumption that the achievable line narrowing is limited by the appearance of strong XCM'S at high feedback levels. If we assume that rb represents the maximum feedback for line narrowing, it follows from (1 1), (15), and (19) that the minimum spectral width is (AA),,, = Ah [1+~(3n/2)] '2 or (Al)l ,Z = 0.0295 Ah. This is in fact close to the maximum narrowing achieved in some lasers, but as indicated in Fig. 10 , considerably greater reduction was obtained in other lasers. In the latter case, the XCM'S remain weak at feedback levek well above the calculated value of rb. A similar calculation based on the appearance of multiple XCM'S can also be used to predict the maximum frequency noise reductions. From (21) and the observation that the electrical noise power due to optical frequency fluctuations is proportional of (Av)2, it follows that the frequency fluctuation noise is reduced by the same factor as the spectral width.
A maximum reduction in frequency noise, occurring at r = rb, by a factor of 0.0295, or 15.3 dB, is thus predicted. This value is quite close to the noise reduction achieved experimentally.
The measured feedback induced spectral changes exhibited by each of the four lasers described show considerable varia-tion. Two of the lasers, CSP 7288 and CSP 7287, exhibited greater linewidth reduction and greater values of rb than the other two lasers tested. This might be related to the, fact that the two lasers were new when the measurements were begun, while CSP 6189 and BH have been previously operated. In addition to the four lasers already described, several more lasers fabricated by different manufacturers and with different structures were also tested. Minimum linewidths in these were observed in some cases to be insensitive to feedback, and in others, to exhibit much less linewidth reduction than shown in Fig. 10 . As indicated in Fig. 10 , substantial line-narrowing effects are obtained with small amounts of reflectivity. An alternative configuration to decrease the Iinewidth using spatially distributed feedback is an optical fiber. Feedback from a fiber can come from reflections off the end faces, fused joints, or Rayleigh backscattering in the fiber [12] . With only 50 m of single-mode fiber, line narrowing of a CSP laser from a freerunning width of 20 MHz to less than 100 kHz has been obtained by butt-coupling a single-mode fiber to the laser and using only the Rayleigh backscattering [13] . Due to the random nature of the backscattering and thermal fluctuations affecting the fiber's refractive index, the line narrowing of the laser is not in this case accompanied by improved frequency stability.
VI. CONCLUSION
The effects of optical feedback on the spectral characteristics of GaAIAs laser diodes have been determined both theoretically and experimentally. A three mirror resonator pumped internally from an energy source has been analyzed. Using this model, line narrowing, phase noise reduction, multimode operation, and other spectral effects can be predicted. Experimental results on several lasers of two structures are generally in good agreement with the model. These effects can be expected when reflections from a coupling lens, fiber ends, or other reflecting surfaces in an optical system reenter the laser cavity.
